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Agaricus bisporus is a litter degrading basidiomycete commonly found in humic-rich environments. It is
used as model organism and cultivated in large scale for food industry. Due to its ecological niche it
produces a variety of enzymes for detoxiﬁcation and degradation of humiﬁed plant litter. One of these,
pyranose dehydrogenase, is thought to play a role in detoxiﬁcation and lignocellulose degradation. It is a
member of the glucose-methanol-choline family of ﬂavin-dependent enzymes and oxidizes a wide range
of sugars with concomitant reduction of electron acceptors like quinones.
In this work, transcription of pdh in A. bisporuswas investigated with real-time PCR revealing inﬂuence
of the carbon source on pdh expression levels. The gene was isolated and heterologously expressed in
Pichia pastoris. Characterization of the recombinant enzyme showed a higher afﬁnity towards di-
saccharides compared to other tested pyranose dehydrogenases from related Agariceae. Homology
modeling and sequence alignments indicated that two loops of high sequence variability at substrate
access site could play an important role in modulating these substrate speciﬁcities.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Oxidoreductases of free, non-phosphorylated carbohydrates are
expressed by fungi of all classes, and ascomycetes as well as litter
degrading basidiomycetes produce a variety of them. They
commonly feature FAD as prosthetic group [1] and show different
substrate preferences and regioselective oxidation patterns.
Glucose 1-oxidase (EC 1.1.3.4) catalyzes oxidation of glucose at C-1
[2], cellobiose dehydrogenase (EC 1.1.99.18) oxidizes b-1,4-linked
di- or oligosaccharides, also at C-1 [3,4]. Pyranose 2-oxidase (EC
1.1.3.10) forms ketoaldoses by oxidizing aldopyranoses at C-2 [5].
Some Agaricaceae and Lycoperdaceae, which do not formdehydrogenase; ABTS, 2,20-
AcPDH, Agaricus campestris
s pyranose deyhdrogenase 1;
se; PDH, pyranose dehydro-
2O, Trametes multicolor pyra-
. Peterbauer).
Inc. This is an open access article upyranose oxidase, produce pyranose dehydrogenase (PDH, EC
1.1.99.29). This quinone dependent dehydrogenase is capable of
dioxidation of C-2 and C-3 of a broad range of substrates. It was ﬁrst
puriﬁed from the non-wood litter degrading model organism
Agaricus bisporus by Volc et al. [6,7].
The in vivo function of PDH and related oxidoreductases is not
fully elucidated but for PDH a role in detoxiﬁcation was suggested
[8]. Another proposed biological function is preventing repolyme-
rization of quinone degradation products as part of ligninolysis
[8e11]. The secreted PDH could be part of an extracellular system
where potentially toxic quinones do not have to be imported into
the cell [8,12]. The presence of a pdh gene and expansion of
detoxifying enzyme families in A. bisporus, compared to other fungi,
point towards a better adaption to humic-acid rich habitats [13].
A. bisporus is the most commonly cultivated and traded mushroom,
and about eight percent of the residual wheat straw in the UK are
converted to mushroom compost annually [14]. Cultivation of
edible mushrooms is still considered the only proﬁtable way to
utilize lignocellulosic waste material from agriculture and forestry
[14]. Consequently, a better understanding of lignocellulose
degradation and ecological adaptation in A. bisporus may offernder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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preparation for commercial cultivation.
Several fungal enzymes involved in lignocellulose degradation
have additionally attracted interest for biocatalytic or analytic ap-
plications. Pyranose oxidase has been already extensively studied
for applications in carbohydrate conversion, clinical chemistry and
process monitoring. Pyranose dehydrogenase's capability of diox-
ygenation of a broad substrate range makes it an interesting
alternative [8,15,16]. Furthermore, its lack of reactivity with O2 and
consequential H2O2 formation, the broad substrate range and
electron yield commend it for use in enzymatic biofuel cells [17,18].
PDH from Agaricus xanthoderma (AxPDH), Agaricus campestris
(AcPDH) [19,20] and Agaricus meleagris (AmPDH) [18,21] have been
characterized extensively but only limited kinetic characterization
of A. bisporus PDH (AbPDH) was published as part of investigations
of its catalytic products [6,7]. In this work, substrate dependent
transcription of pdh in A. bisporus was studied and the kinetic
characteristics of AbPDH were elucidated and compared to AxPDH,
AcPDH and AmPDH1.
2. Material and methods
2.1. Chemicals and microorganisms
All chemicals were purchased from SigmaeAldrich (St. Louis,
MO) unless stated otherwise, and were of the highest purity
available. ABTS was from Amresco (Solon, OH) and D-glucose from
Merck (Whitehouse Station, NJ). The Phenyl-Sepharose Fast Flow
resin was purchased from GE Healthcare (Chalfont-St. Giles, UK)
and the DEAE-Sepharose Fast Flow resin from SigmaeAldrich
(Steinheim, Germany). Restriction enzymes, polymerases and DNA
modifying enzymes were obtained from Fermentas (now: Thermo
Fisher Scientiﬁc, Waltham, MA) and used as recommended by the
manufacturer. Nucleic acid ampliﬁcations were done using Pfu
proof-reading polymerase, dNTP mix, oligonucleotide-primers
(VBC Biotech, Vienna, Austria) and a Biometra TRIO thermocycler
(Biometra, G€ottingen, Germany). cDNA ﬁrst strand synthesis was
done using the First Strand cDNA Synthesis Kit (Fermentas).
Commercially used A. bisporus was purchased from Pielachtaler
Champignon (Kirchberg/Pielach, Austria) and A. bisporus strain
DSM 3056 was obtained from DSMZ (Braunschweig, Germany) The
cultures were maintained on malt extract agar (1.5% malt extract,
0.15% peptone from soy bean, 2% agar agar) and transferred on new
plates every 2 months. E. coli DH5a cells from New England Biolabs
(Ipswich, MA) were used for cloning and Pichia pastoris X33 from
Invitrogen (Carlsbad, CA) as heterologous expression host.
2.2. Cultivation of A. bisporus
A. bisporus DSM 3056 was cultivated in static liquid cultures in
Roux ﬂasks for 1 week, harvested, and the mycelium washed in
basal salts medium [22] containing no carbohydrate source.
Mycelial samples for RNA extraction were prepared from petri dish
cultivation in basal salts mediumwith 1% (w/v) cellobiose. Fruiting
body samples for RNA extraction were taken from compost grown
A. bisporus from a commercial mushroom producer (Pielachtaler
Champignon). (Supplementary Information S1.1).
2.3. Transcription analysis of the pdh gene
Total RNA was extracted from mycelial samples and different
parts of the fruiting body with the Spektrum Plant total RNA kit
(Sigma) and reverse transcribed with the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems/Life Technologies,
Grand Island, NY) using random hexamers as primers. Speciﬁcprimers for the pdh gene (50-CTATCGACACTGTTCTCCAATTCG30 and
50-CACACCATGCACGTAAGAAAAC-30) and the glyceraldehyde-3-
phosphate dehydrogenase-encoding gene gpd2 (50-
CGCAAGGCCGCTGAAGG-30 and 50-GAGCGGCGCATTCAAGCAAC-30)
[23] of A. bisporus were used to generate amplicons [24]. Dilutions
of the cDNA samples were directly used as templates for quanti-
tative real-time PCR with a MyIQ Real Time PCR Detection System
(Bio-Rad Laboratories, Hercules, CA). Optimal baseline range and
threshold values were calculated with the MyIQ v2.0 software (Bio-
Rad), and fold changes of the pdh transcripts in the different sam-
ples versus control were calculated as described using the gpd2
gene as internal control [25]. (Supplementary Information S1.2).
2.4. Expression of A. bisporus pyranose dehydrogenase in P. pastoris
and puriﬁcation
Expression and puriﬁcation of A. bisporus PDH was done as
described in detail in supplementary information S1.3. RNA isolated
from A. bisporus DSM 3056 myceliumwas reverse transcribed with
an oligo (dT) primer. The reaction product was used as a template
for PCR with 5AbPDHPml1 (50-ATACACGTGATGA-
TACCTCGAGTGGCC-30) containing a PmlI restriction site and
3AbPDHXba1 (50-ATATCTAGATTAGCTGTAGCTCTTCGC-30) contain-
ing an XbaI restriction site. The digested PCR product was ligated
into the plasmid pPICZB (Fig. S2) and propagated in E. coli DH5a
cells. Electrocompetent P. pastoris cells were transformed with SacI
linearized plasmids according to Lin-Cereghino et al. [26]. The
GenBank Accession number of the A. bisporus PDH used in this
work is KM851045.
A. bisporus PDH was expressed in shaking ﬂasks at 30 C using
BMGY medium with methanol induction starting after 24 h. Su-
pernatant was harvested 143 h after start of induction and puriﬁed
by subsequent hydrophobic interaction chromatography (750 mL
Phenyl-Sepharose Fast Flow column) and anion exchange chro-
matography (60 mL DEAE-Sepharose Fast Flow column). Fractions
with highest PDH activity were pooled, concentrated with Ultra-15
Centrifugal Filter Units 30 kDa and stored at 4 C.
2.5. Enzymatic assays
Enzymatic activity was determined spectrophotometrically by
sugar dependent reduction of ferrocenium (Fcþ) to ferrocene [19].
In the standard reaction 25 mM D-glucose as electron donor and
0.2 mM Fcþ (ε300 ¼ 4.3 mM1 cm1) as electron acceptor in 50 mM
sodium phosphate buffer (pH 7.5) were used in a 3 min reaction at
30. Reduction of 2 mmol Fcþ to ferrocene per minute was deﬁned
as 1 Unit enzyme activity. ABTS cation radical
(ε420 ¼ 43.2 mM1 cm1) [27], 2,6-dichloroindophenol (DCIP)
(ε520 ¼ 6.8 mM1 cm1) and 1,4-benzoquinone
(ε290 ¼ 2.24 mM1 cm1) [19] were used as alternative electron
acceptors. Enzymatic activity in the temperature optimum assay
was calculated within the range of constant substrate turnover and
for kinetic constant measurements over 5 min. Enzymatic assays
were conducted in triplicates, except for pH-proﬁle and tempera-
ture stability assays which were measured in duplicates. Kinetic
constants were calculated by ﬁtting steady state kinetic data to the
Michaelis Menten equation using nonlinear least-squares regres-
sion (SigmaPlot 11.0, Systat Software GmbH, Erkrath, Germany).
2.6. Protein characterization
Bradford based protein assay from Biorad Laboratories, with
bovine serum albumin as standard, was used for protein determi-
nation according to the manufacturer's instructions. The Precast
Mini Protean TGX gel systemwith 4e20% resolving gels, unstained
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staining were used for SDS-Page. Enzymatic deglycosylation was
done with 1 mg Endo Hf (New England Biolabs) per 100 mg PDH in
sodium citrate buffer (100 mM, pH 5.5) incubated at 30 C for 22 h.
Covalent linkage of FADwas investigated according to Scrutton [28]
with a modiﬁed excitation wavelength of 302 nm (GelDoc 2000,
Biorad).
3. Results
3.1. Analysis of pdh cds of A. bisporus
The A. bisporus pdh cds was aligned to A. bisporus var. bisporus
genome (H97, “Agabi2masked”) and A. bisporus var. burnettii
genome (JB137-S8, “Abisporus_varburnettii”) using the BLASTN
algorithmwith a Blossum 62 scoring [13,29]. Both genomes carried
one pdh gene, each, consisting of 10 exons. Exon 1 of A. bisporus pdh
cds, containing the signal sequence, was identical to the homolog
sequence of the A. bisporus var. burnetti genome. The rest of the
A. bisporus pdh cds was closer related to A. bisporus var bisporus
genome with 5 non-identical nucleotides (at positions 549, 606,
613, 1722, 1775), only 2 of them causing amino acid changes (I205L,
V592A).
Related genes of A. bisporus pdh were identiﬁed using the
BLASTN algorithm [30]. Genes with sequence identity of 77% or
higher were previously isolated from A. xanthoderma (Axpdh,
KF534751.1), A. campestris (Acpdh, KF534750.1) [20] and
A. meleagris (Ampdh1, AY753307.1; Ampdh2, AY753309.1; Ampdh3,
DQ117578) [24].
3.2. Homology model of A. bisporus PDH
Comparative structural models of A. bisporus PDH (AbPDH),
A. campestris PDH (AcPDH) and A. xanthoderma PDH (AxPDH) were
created with the SWISS model server in automated mode [31e34]
based on AmPDH1 crystal structure 4H7U [35].
Of the active side residues, homologous to those previously
described for AmPDH1 [36], and the related Aspergillus niger
Glucose Oxidase [37], only AmPDH1 Phe533 was not conserved in
AbPDH and replaced by the smaller Val530 (Fig. 1). Deviations of the
AbPDH model in its peptide backbone from the template were only
visible in two loops. Loop 1 (AbPDH: 91LRPRY95) is located at the
entrance of the substrate pocket in direct vicinity to the isoallox-
azine ring of the catalytic co-factor FAD. This loop's predicted
structural deviations between compared PDHswere also supported
by the low sequence identity (Fig. 2). Loop 2 (AbPDH: 273ENG275) is
surface exposed and distant to the active site and substrate pocket.
Another loop which is homolog to the gating active site loop re-
ported in the related Trametes multicolor Pyranose Oxidase
(TmP2O) [38] could be modeled to the template backbone but had
high sequence variability in 3 areas (Figs. 1 and 2). These were the
residues directly oriented towards the active site (AbPDH
424PSG426), 429RE430 and the more distant surface exposed C-ter-
minal part of the loop.
Polar interactions of active side residues with other residues and
within the loop were predicted using Pymol 1.3 and are shown in
Fig. 1. In AmPDH1 4H7U there were 3 active site residues predicted
to be involved in non-covalent interactions anchoring the loop in
the elucidated conformation. AmPDH1 Leu428 and Gly429, at the
beta-turn facing the FAD, were predicted to form H-bonds via their
backbone C]O groups and Lys432 to form H-bonds or a salt bridge
via a coordinated phosphate anion which was resolved in the x-ray
structure. The AmPDH1 Leu428 H-bond was conserved in all ho-
mology models (AbPDH Ser425, AcPDH Ala421, AxPDH Ala426).
However none of the Gly429 homologs formed an H-bond becausethe interacting AmPDH1 Ser352 is replaced by non-polar amino
acids in the other PDHs. The Phosphate was not included in the
homology models. AbPDH Arg429 apparently formed an H-bond
also in its absence while AcPDH Asn425 and AxPDH Asn430 did not.
Setting AbPDH apart from the others, Ser425 showed a second H-
bond formed by its side chain with Arg92 from loop 1. The other
PDHs lacked this Arg as well as a polar residue at the homolog
active site position for this interaction.
Five Asn residues of AbPDHwere predicted to be N-glycosylated,
using NetNGlyc 1.0 Server [39]. Four of them corresponded to N-
glycosylation sites of AmPDH1 described by Yakovleva et al. [40]
(AbPDH N98, N198, N274 and N341 corresponding to AmPDH1 N100,
N200, N277, N344, respectively). N98 and N198, their AmPDH1 homo-
logs, and N113, which has no AmPDH1 counterpart, are located next
to the active site access. N274 is located at the deviating loop 2.
3.3. Transcript analysis of the A. bisporus pdh and the gpd1 gene
Several carbon sources were already tested for inducing dehy-
drogenase activity in A. bisporus by Morrison et al. [41]. High ac-
tivity was found onmediawith cellobiose as the sole carbon source,
less with D-glucose, low activities were found with different forms
of cellulose and no activity with D-mannitol, D-xylose and D-fruc-
tose. Considering these results A. bisporus was cultivated as
described in Material andMethods on minimal medium containing
D-glucose and D-cellobiose as carbon sources, respectively. Samples
were taken over 23 days of cultivation. As expected the PDH activity
was higher on cellobiose. The cultures showed similar growth on
both carbon sources with a maximum of biomass after 14 days,
when the sugar concentration reached low levels. (Fig. 3A and B). A
fraction of cellobiose was hydrolyzed to D-glucose by the
beglucosidase activity of the fungus.
For transcriptional analysis mycelial samples were taken at the
indicated time points during the 23-day cultivation. Changes of the
mRNA levels were compared to the ﬁrst sample of both cultivations
taken on day 6, when growth on the surface could be detected.
Samples of different tissues of the fruiting body of A. bisporus as
well as from mycelium grown on soil used for commercial pro-
ductionwere taken and the transcript levels of pdhwere compared.
The gpd2 transcript was used for normalization of the expression
levels. The mRNA levels of pdh showed a signiﬁcant rise at day 10.
On D-glucose the level stayed high throughout day 14. During that
time most of the enzyme was produced. The spike in mRNA con-
centration at the end of the cultivation, when the dry weight of the
mycelium was already decreasing, did not result in additional PDH
activity. On cellobiose the mRNA level dropped when the carbon
source concentration was very low on day 14, but normalized af-
terwards corresponding to an increase of activity. The mRNA levels
on cellobiose were generally higher than on D-glucose (Fig. 4A).
Very low pdh transcript levels could be detected in the stem and the
hood of the fruiting bodies, but the transcript level of pdh in the
gills was within the variations of the transcripts in the mycelium
(Fig. 4B).
3.4. Expression and puriﬁcation of recAbPDH
For extracellular expression of the pdh gene from A. bisporus
under control of the inducible AOX1 promoter, the full-length open
reading frame of the gene including the native prepro leader
sequence and stop codon was cloned into the vector plasmid
pPICZB. Using the plasmid-encoded alpha factor leader sequence
instead did not result in detectable amounts of secreted PDH (data
not shown) as was described previously for A. meleagris pdh
expression [18]. The resulting construct was transformed into
P. pastoris X33 and a conﬁrmed clone was chosen for recAbPDH
Fig. 1. Homology models (Swiss model server, automated mode) of AbPDH, AcPDH and AxPDH based on crystal structure of AmPDH1 4H7U. FED, active side residues, loop 1 and
active site loop are shown. Labeled residues that are not conserved are highlighted in yellow. Active site loop residues which are predicted to anchor the loop via H-bonds are
underlined.
Fig. 2. Sequence alignment of loop 1 and active site loop of AmPDH1, AbPDH, AcPDH
and AxPDH, using Clustalw2 algorithm.
Fig. 3. Biomass production, carbon source consumption and PDH activity of A. bisporus on two carbon sources [A: cellobiose; B: D-glucose; dry matter (A), PDH activity (▫), D-
glucose (:), cellobiose (C)].
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each. The fermentation resulted after 143 h of induction in a total of
1065 U of recAbPDH.
The enzyme was puriﬁed from the supernatant by hydrophobicinteraction chromatography followed by anion exchange chroma-
tography (Table 1). Chromatography fractions were restrictively
pooled and puriﬁcation yielded recAbPDHwith a speciﬁc activity of
24 Umg1. One third of initial total activity could be recovered with
an about 4-fold increase in speciﬁc activity. Anion exchange-
chromatography caused a loss of more than half of total activity
while speciﬁc activity slightly decreased.
The resulting pool of recAbPDH was analyzed by SDS-Page with
Coomassie Blue staining (Fig. 5A), and showed a broad smear be-
tween 75 and 100 kDa, compared to approximately 75 kDa of native
AbPDH [6]. However, after deglycosylation with Endo Hf the
recAbPDH pool after anion exchange chromatography was found to
be electrophoretically pure with a single band at ~70 kDa. As esti-
mated by SDS-Page, the glycosyl moiety of recAbPDH amountedtherefore to 7e33% of the enzyme mass.
Recombinant AbPDH showed two ﬂuorescent bands which were
identical with the two coomassie stained protein bands, indicating
a covalent FAD linkage to the apoprotein (Fig. 5B and C).
Fig. 4. Transcript analysis of the PDH-encoding gene of A. bisporus during the cultivation on D-glucose and cellobiose (A) and in different tissues of the fruiting body (B).
Table 1
Puriﬁcation of heterologously expressed AbPDH.
Volume [mL] Total activity [U] Total protein [mg] Speciﬁc activity [U mg1] Recovery rate [%] Puriﬁcation [-fold]
Culture supernatant 2710 1065 189.7 5.6 100 1
Phenyl sepharose FF 290 903 31.9 28.3 85 5.1
DEAE sepharose FF & ultraﬁltration 0.78 345 14.3 24.1 32 4.3
Fig. 5. A: SDS PAGE stained with Coomassie Blue; Precision Plus Protein Standards
(Bio-Rad), recAbPDH deglycosylated with Endo Hf (New England Biolabs) (1) and N-
glycosylated (2); B and C: 10 mg recAbPDH (1), Aspergillus niger glucose oxidase (2) and
recAmPDH1 (3), visualized by excitation at 302 nm (B) and by being stained with
Coomassie Blue (C).
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was used as positive and native A. niger glucose oxidase (Sigma
Aldrich) with non-covalently bound FAD as negative control [37].3.5. Inﬂuence of pH and temperature on recAbPDH
recAbPDH was stable in 100 mM Britton Robinson buffer from
pH 4 to 8 (75% remaining activity after 1 week at 25 C, optimum
at pH 6) and was rapidly inactivated in more acidic and alkaline
conditions (Fig. 6A). pH proﬁles of recAbPDH and recAmPDH with
ferrocenium hexaﬂuorophosphate were determined (Fig. 7) be-
tween pH 3 and pH 8.5. More basic environments than pH 9 were
complicated by enzyme stability and limitations of the ferrocenium
based photometric assay [21]. Both enzymes showed a continuous
rise in activity with increasing pH with comparable speciﬁc activ-
ities. The choice of pH 7.5 for the photometric standard assay was acompromise of high speciﬁc activity and enzyme stability.
The temperature optimum of recAbPDH at standard conditions
was 49 C (Fig. 6B). pH was observed to have a strong impact on
enzyme stability at higher temperatures. After 30 min at 50 C and
standard assay pH (7.5) only ~10% of initial recAbDPH activity was
left but at pH 6 more than 90% remained active (Fig. 6C).3.6. Kinetic parameters of electron acceptors and donors
Kinetic constants were determined for electron acceptors which
were previously used for characterization of other PDHs [18,19]
(Table 2). ABTS cation radical and DCIP had the highest catalytic
efﬁciency but ABTS cation radical was instable in neutral and
alkaline environments and DCIP inhibited recAbPDH at higher
concentrations. 1,4 benzoquinone exhibited the least favorable ki-
netic characteristics of the tested electron acceptors. Ferrocenium
hexaﬂuorophosphate was therefore the preferred electron acceptor
for photometric activity assays.
Selected mono-, di- and trisaccharides were tested for afﬁnity
and catalytic turnover with recAbPDH (Table 2). D-glucose and L-
arabinose were the substrates with the highest catalytic efﬁciency.
D-xylose and D-galactose were also good substrates but with an
approximately 3-fold higher Km. Di- and trisaccharides showed
about 30e80% of the kcat of D-glucose. Cellobiose and maltose had a
Km similar to D-glucose, whereas lactose and rafﬁnose had a 26-fold
and 7-fold increased Km, respectively.4. Discussion
AbPDH was the ﬁrst discovered pyranose dehydrogenase and
described by Volc et al. [6,7]. However, only limited kinetic datawas
published in these works in form of relative activities of selected
electron acceptors and substrates and a pH proﬁle with 1,4-
benzoquinone. Morrison et al. [41] reported the steady state ki-
netics of a range of sugars with a glucose 3-dehydrogenase from
A. bisporus, which had an N-terminus identical to that of mature
AbPDH (AITYQNPT …). This enzyme was however considerably
smaller and featured a different oxidation pattern of D-glucose than
the AbPDH described by Volc et al. [7]. A. bisporus has only one pdh
Fig. 6. A: pH stability of recAbPDH (0.023 mg mL1), remaining activity in % after 1 week at 22 C in 28 mM Britton-Robinson-buffer pH 2e12; B: temperature optimum of
recAbPDH, single measurements from two independent experiments; C: temperature stability of recAbPDH at 50 C in sodium phosphate buffer pH 6 (-) and pH 7.5 (C); all
measurements conducted with 25 mM D-glucose and 0.2 mM ferrocenium hexaﬂuorophosphate.
Fig. 7. A: pH-proﬁles of recAmPDH1 (A) and recAbPDH (B), measured in duplicates with 25 mM D-glucose and 0.2 mM ferrocenium hexaﬂuorophosphate [pH 3e6.5: sodium
malonate buffer (:); pH 3.5e5.5: sodium acetate buffer (C); pH 6e8.6: sodium phosphate buffer (-)].
Table 2
Apparent kinetic constants of recAbPDH for electron acceptors with 25 mM D-glucose at respective pH (100 mM sodium acetate pH 4, 100 mM sodium phosphate pH 7.5) and
for mono-, di- and tri-saccharides with 0.2 mM ferrocenium hexaﬂuorophosphate at pH 7.5
Electron acceptor Km [mM] kcat [s1] kcat/Km [mM1 s1]
Ferrocenium hexaﬂuorophosphate (1 e) (pH 7.5) 170 ±10 111.1 ±3.8 326
ABTS cation radical (1 e) (pH 4) 79 ±1.6 101.2 ±2.2 768
2,6-Dichloroindophenol (2 e) (pH 4) 60 ±22 57.6 ±10.2 958
1,4-Benzoquinone (2 e) (pH 4) 566 ±72 44.2 ±2.1 78
Substrate Km [mM] kcat [s1] kcat/Km [mM1 s1]
D-Glucose 1.54 ±0.22 33.7 ±0.6 22
D-Xylose 4.75 ±0.08 36.9 ±0.1 7.8
L-Arabinose 1.33 ±0.22 29.6 ±1.1 22
D-Galactose 4.19 ±0.01 28.7 ±0.7 6.9
D-Mannose 109.1 ±4.3 13.31 ±0.31 0.1
Cellobiose 2.45 ±0.40 24.63 ±0.60 10
Maltose 2.16 ±0.18 27.26 ±0.91 13
Lactose 40.51 ±0.31 15.95 ±0.35 0.4
Rafﬁnose 10.79 ±1.97 19.61 ±0.87 1.8
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conﬁrmed on genomic level. As the full sequence of this glucose 3-
dehydrogenase was not elucidated its identity and degree of
sequence similarity to AbPDH could not be clariﬁed however.
To address these uncertainties and further elucidate the role of
PDH in A. bisporus and possible applications of the enzyme, a more
detailed investigation of transcription and protein characteristics of
conﬁrmed AbPDH was conducted. We studied transcription of pdhfrom A. bisporus in submerged and solid substrate culture. The
successful recombinant expression of AbPDH in P. pastoris was re-
ported and puriﬁed protein was characterized and compared to
previously studied A. xanthoderma PDH, A. campestris PDH [20] and
A. meleagris PDH1 [18], which have sequence identities of 77e78%
to AbPDH. For the also related AmPDH2 and AmPDH3 there are no
kinetic data available to this date.
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AbPDH activity and transcription levels of Abpdh were moni-
tored in a batch cultivation of A. bisporus with D-glucose and
cellobiose, which supported the formation of PDH activity in
A. meleagris [24], as substrates. Biomass yields were similar with
both substrates. Very little pdh was transcribed during the expo-
nential growth phase, which corresponded well to the low activity.
An increase in transcription took place after the onset of substrate
limitation on day 10, and continued on a lower level after substrate
depletion. The strong increase of themRNA level on day 23 could be
explained by a stress reaction to prolonged cell starvation. Culti-
vation with cellobiose led to higher PDH activity than with
D-glucose and also generally higher transcription of pdh. These
ﬁndings are similar to those of Kittl et al. [24] with PDH of
A. meleagris, and in agreement with the proposed function of PDH
as detoxiﬁcation enzyme with a role in degradation of humic
compounds [13]. It is intriguing, however, that the single pdh gene
in A. bisporus displays a similar transcription pattern as the two
“secondary” pdh genes pdh2 and pdh3 in A. meleagris, whose
transcription level is signiﬁcantly lower than that of pdh1 and
which lack the sharp increase of transcription of pdh1 upon transfer
to fresh culture vessels, possibly associated with oxygen depletion.
Both these enzymes are also far less abundant than PDH1. This
discrepancy indicates that PDH is a non-essential or redundant
enzyme whose function can be substituted by other, catalytically
related enzymes, and which consequently can evolve to take over
diverse functions in different fungi. The amount of transcript in the
fruiting bodies was approximately equal (gills) or signiﬁcantly
lower (stem, cap) than in the vegetative mycelium and does not
indicate a particular role during fruition.
4.2. Protein characterization
AbPDH was successfully heterologously expressed in P. pastoris
and puriﬁed to a speciﬁc activity of 24 Umg1 and homogeneity on
SDS-page. It was generally less stable than AmPDH1, more sensitive
to a moderately alkaline environment (pH 8e10) and had a lower
temperature optimum of 49 C compared to 63 C of AmPDH1 [21]
and 75 C of AxPDH [19]. These data support the idea that PDH is
not necessarily a vital enzyme under many growth conditions.
However, it proved stable at physiological pH and temperature and
the reduced stability at basic conditions and high temperatures is of
little consequence for suggested applications like biofuel cells.
The co-factor FAD was shown to be covalently bound to AbPDH,
like in AmPDH1 [21]. SDS-Page revealed two distinct bands for
AbPDH which were both ﬂuorescent. This change from the single
band in the initial SDS-Page after puriﬁcation can be explained by
the previously observed spontaneous degradation or autoproteol-
ysis of PDH [21], leading to two fragments under denaturing SDS-
Page conditions. The additional band at ~70 kDa still contained
the FAD prosthetic group. The reduced intensity of the ﬂuorescence
could be due to the greater spreading of the enzyme on the gel.
PDH is a secretory glycoprotein, and in AmPDH1 the carbohy-
drate moiety amounts for approximately seven percent of the
molecular mass in the protein puriﬁed from culture supernatant.
Heterologously produced AmPDH1 (P. pastoris), however, was
found to be signiﬁcantly overglycosylated, resulting in a total mo-
lecular mass of around 100 kDa [18,21]. This observation was also
made for the recombinantly produced AbPDH.
4.3. Kinetic properties
The pH dependency of AbPDH with the electron acceptors 1,4-
benzoquinone [6] and ferrocenium hexaﬂuorophosphate weresimilar to those reported for other PDHs [19e21]. It had the highest
catalytic turnover rates with ABTS cation radical and ferrocenium
hexaﬂuorophosphate. Because of limitations in the use of other
electron acceptors, and to obtain comparable results to previous
publications, ferrocenium hexaﬂuorophosphate was chosen as
electron acceptor for further kinetic analyses. Even though qui-
nones are likely biological electron acceptors for PDH [8], the cat-
alytic efﬁciency of 1,4-benzoquinone was 2e3 lower than for the
tested alternatives. This is in agreement to previous results with
AmPDH1 and AxPDH. However, AcPDH has its highest catalytic
turnover with 1,4-benzoquinone [19e21].
Afﬁnity of monosaccharides to AbPDH, AcPDH and AxPDH were
similar and slightly lower than to AmPDH1 (Table S3). A change in
orientation of the C2 hydroxyl group increased the Km approxi-
mately 100-fold compared to D-glucose, as was already observed
with AmPDH1, while it did not prevent catalysis. C4 D-glucose
epimers had an up to three-fold decreased afﬁnity to AbPDH and
AmPDH1 at similar catalytic activities as D-glucose. Interestingly,
AbPDH showed comparable afﬁnities and catalytic turnover
numbers with D-glucose and its disaccharides maltose and cello-
biose, in contrast to AmPDH1which also had comparable kcat values
but an 8e11 fold higher Km for these disaccharides than for D-
glucose. For applications in enzymatic biofuel cells, this may be an
advantage for AbPDH in certain cases when, e.g., plant biomass
hydrolysates containing incompletely hydrolyzed polysaccharides
are employed as fuel. Compared to the other recently characterized
recombinant PDHs (AcPDH and AxPDH), AbPDH and AmPDH1
showed signiﬁcantly higher catalytic turnover numbers for tested
sugars and electron acceptors [19e21].
Like the other PDHs described so far, AbPDH oxidizes a broad
range of sugars, not only cellobiose, which is the strongest known
inducer of its transcription. The number of e-acceptors is limited
however and includes quinones, phenols and organometallic-
compounds [7]. Steady state kinetics with 1,4 benzoquinone but
also with the other tested e-acceptors varied signiﬁcantly between
PDHs. These observations support the reported detoxiﬁcation
function of PDHs [8] but also point towards specialization towards
different reduction targets for different PDHs.
4.4. Structural analysis
So far, AmPDH1 is the only PDH with a resolved x-ray crystal-
lography structure (4H7U) [35]. As AbPDH, AcPDH and AxPDH share
sufﬁcient sequence identity (>70%) with AmPDH1, automated ho-
mology modeling could be employed to predict structural differ-
ences. The strong conservation of active site residues between
AbPDH and AmPDH1 is in line with the high similarity of apparent
kinetic characteristics of both enzymes. There were differences
however in the larger active site pocket. Replacement of Phe533
(AmPDH1) with the smaller Val530 (AbPDH) apparently enlarged
the substrate pocket.
Of the two deviant loops that could be identiﬁed, loop 1
(91LRPRY95) is at a peculiar position as it forms one side of the active
site access. The active site loop on the other side had been described
to play a key role in substrate binding and speciﬁcity in the related
oxidoreductase Pyranose 2-Oxidase (P2O) [38]. PDHs replaced the
gating segment 454FSY456 of this P2O active site loop, whereas po-
larity of the structurally homologous segment was varying between
the different PDHs. In AmPDH1 the side chains oriented towards the
FAD are all non-polar, while there is one polar residue (Ser425) in
the AbPDH homolog pointing to the FAD. AcPDH and AxPDH feature
even a glutamine and aspartate, respectively (Fig. 1). The predicted
active site loop anchoring H-bond network in AbPDH differed
substantially from that in other studied PDHs. The hydrogen bond
directly at the FAD facing segment (AbPDH Ser425/Gln444) was
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only studied PDH which showed polar interactions between the
active site loop and loop 1. This interaction takes place between two
residues which have no polar homolog in the other PDHs.
It is unknown, to this date, if the active site loop in PDHs also
serves the central gating function that it has in P2O with an open
and closed conformation. However, in the crystal structure
4H7U, and consequently in the homology models the FAD facing
segment and loop 1 are determining factors for the dimensions and
nature of the substrate access site. Changes in the afﬁnity towards
disaccharides with only modest changes in catalytic turnover are in
line with the highly conserved set of residues around the isoal-
loxazine ring but high variability in the substrate access site at the
surface. Furthermore, Val530 in AbPDH could also make the active
site sterically less stringent, favoring the binding of larger
substrates.
Loop 1, FAD facing segment residues, and amino acids putatively
involved in anchoring the active site loop as well as Val530 are
therefore promising targets for site directed mutagenesis studies
with the aim of modulating substrate speciﬁcities of PDHs and
improving the understanding of its substrate binding. Additionally,
mutagenesis studies on the more basic amino acid residues around
the active site of AcPDH appear promising to elucidate the altered
electron acceptor preferences. Such studies are, however,
hampered by the difﬁculties in heterologous expression of AcPDH
as reported recently [20].
5. Conclusion
The ﬂavoenzyme AbPDH was expressed by A. bisporusmainly at
the onset of substrate limitation and is proposed to be a non-
essential detoxiﬁcation enzyme. It is closely related to PDHs from
A. meleagris, A. campestris and A. xanthoderma but displayed some
signiﬁcantly different properties. While enzyme stability was lower
for basic and high temperature conditions, compared to AmPDH1, it
showed higher afﬁnity towards disaccharides. AbPDH is therefore
an interesting candidate for biofuel cells powered by plant biomass
hydrolysates and could be an alternative to other PDHs for
implantable biofuel cells. Gene shufﬂing experiments could be used
to combine higher afﬁnity towards larger substrates of AbPDH with
the higher stability of AmPDH1. Further study of the active site loop
and less conserved active site residues could improve the under-
standing of the substrate binding and speciﬁcity.
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